Composite materials such as sandwich panels have been employed in many structural applications. Therefore, it is very important to obtain the dynamical properties of the composite materials. Also, an inverse analysis method has already been proposed by one of the authors to identify the layer elastic parameters of laminated composite materials using the FEM eigenvalue analysis and the sensitivity analysis. The purpose of this study is to improve the proposed identification method to apply to a sandwich panel and to identify the equivalent elastic parameters of a core material. By applying the experimental modal analysis technique to the sandwich panel, natural frequencies and mode shapes of the panel are obtained. From the obtained natural frequencies and mode shapes, the equivalent elastic parameters of the core material are identified numerically. Furthermore, the validity of the identified equivalent elastic parameters was shown.
Introduction
Since composite materials such as sandwich panels have high specific strength and high structural efficiency and durability, they have been used in many structural applications. In resent years, the roll core sandwich panels have been adopted for the railway vehicles. It is therefore very important to make clear the dynamical properties of the sandwich panels for the design and the structural analysis. Especially, the elastic parameters are essential for the structural analysis. The elastic parameters of core materials, however, are difficult to determine by either theoretical or experimental approaches because of their properties.
Saito et al. identified the elastic parameters and modal damping ratios for the aluminum honeycomb sandwich panels based on an orthotropic Timoshenko beam theory (1) . One of the authors has already proposed an inverse analysis method to identify the layer elastic parameters for a symmetrically and an antisymmetrically laminated square plate using the FEM eigenvalue analysis and the sensitivity analysis (2) . It is an advantage of this method that one can obtain nondestructively the elastic parameters of the products made of composite materials. Also, the improved inverse analysis method was applied to a laminated shallow cylindrical shell and a laminated circular cylindrical shell. From the comparison of these identified elastic parameters of the lamina and ones obtained by another experimental method, one can see the good agreements (3) , (4), (5) . Furthermore, regarding the sandwich panel as the single layer panel, the equivalent elastic and damping parameters of the sandwich panel were identified (6) .
The purpose of this paper is to improve the above-mentioned identification method to apply to the sandwich panels and to identify the equivalent elastic parameters for the core materials of the sandwich panels. The proposed method consists of the experimental modal analysis technique, the FEM eigenvalue analysis and the sensitivity analysis. First, by applying the experimental modal analysis technique to the sandwich panels, natural frequencies and mode shapes for the flexural vibration are obtained. Subsequently, referring the obtained natural frequencies and mode shapes of the sandwich panels, the equivalent elastic parameters of the core materials are identified. Finally, in order to verify the identified equivalent elastic parameters, the natural frequencies and mode shapes of the sandwich panels are estimated by using another FEM eigenvalue analysis with the identified ones.
Identification Method

Equivalent Elastic Parameters of Core Materials
The core is made of meandered paper as shown in Fig.1 . The rectangular coordinate system O-123 is taken so that the origin O is located in the center of the core. For the material properties, the moduli of elasticity in 1, 2 and 3 directions are denoted by E 1 , E 2 and E 3 , respectively, and the shear moduli on the three planes are given by G 12 , G 23 and G 13 . Poisson's ratios are defined likewise. Especially, the shear moduli G 23 and G 13 are key parameters to indicate the elastic behavior of core materials of the sandwich panels. In the present study, for the roll core materials, we assumed that E 1 =E 2 =E 3 and E 1 =2(1+ν 12 )G 12 . G 23 is compared with G 13 , G 12 is assumed to be equal to the value of small one. Also, all Poisson's ratios for the core material are assumed to be equal.
Inverse Analysis Method
The components of the sensitivity matrix B for the identification method are calculated as follows: Figure 2 shows the flow chart of the identification program. Firstly, the data about the geometrical configuration of the sandwich panel and the material properties for the surface plates and the initial material properties for the core material of the sandwich panel are given. Also, the natural frequencies and mode shapes of the sandwich panel measured by the flexural vibration test are introduced. Secondly, the FEM eigenvalue analysis is carried out with the above-mentioned data. Thirdly, to identify the equivalent elastic parameters of the core material appropriately, the analytical modes of the sandwich panel are compared with the experimental ones. Fourthly, the sensitivity matrix B is estimated by Eq.(1). After the generalized inverse matrix B + of the sensitivity matrix B is calculated by using the numeric calculation library (Nagoya University Mathematical Package; NUMPAC), the change quantities of the equivalent elastic parameters of the core material are estimated by Eq.(2). Then, the equivalent elastic parameters of the core material are identified by considering the change quantities of ones. Next, the natural frequencies and mode shapes of the sandwich panel are calculated with the identified equivalent elastic parameters of the core material. Finally, if the difference between the estimated natural frequencies of the sandwich panel with the identified equivalent elastic parameters and the experimental ones is no more than 5%, the identification program is terminated.
Identification of Equivalent Elastic Parameters
Roll Core Sandwich Panel
To identify the equivalent elastic parameters of the core material, vibration tests for the sandwich panel were carried out. Considering the sandwich panel as shown in Fig.3 , the dimensions of the panels, the thickness of the surface plates and the core materials, and the density of the core materials are shown in 
Natural Frequency and Mode Shape
To satisfy the free boundary conditions, the sandwich panel was hung from the ceiling by a fine string. The sandwich panel was divided into 9 9 × points and 81 dividing points were used as reference points. To measure the transfer function (accelerance) for the flexural vibration, an accelerometer was attached to one of the reference points and then all reference points were impacted by an impulse force hammer ( See Fig.4) . The mass of the accelerometer is 0.48 [g] . From the obtained transfer function, the natural frequencies and mode shapes of the sandwich panel were estimated by applying the experimental modal analysis technique. Table 2 shows the experimentally obtained natural frequencies of the sandwich panels and Table 2 Experimental natural frequencies of sandwich panels 1st 2nd 3rd 4th 
Identified Equivalent Elastic Parameters
From the experimental natural frequencies and mode shapes for the flexural vibration shown in Table 2 and Fig.5 , the equivalent elastic parameters of the core materials were estimated by the proposed inverse analysis method. The computations were carried out using the FEM (LS-DYNA) with solid elements. In the numerical calculations, the mass of the accelerometer was not considered because the mass of the accelerometer is very small. The identified equivalent elastic parameters of the roll core materials are shown in Table 3 . From Table 3 , one can find the appropriate results that the shear moduli of the core material decrease as the thickness of the core material increases. To verify the identified equivalent elastic parameters of core materials, another FEM eigenvalue analysis was carried out by using the identified results. The numerical calculations were executed by using the FEM (NASTRAN) with solid elements. For the computation of natural frequencies and mode shapes, the mass of the accelerometer was neglected since it is very small compared to the sandwich panel's mass. Table 4 and Fig.6 show the natural frequencies and mode shapes of the sandwich panels estimated by the eigenvalue analysis, respectively. Also, Fig.6 Tables 2 and 4 , one can see that the difference between the experimental and the numerically calculated natural frequencies is no more than 10%. From Figs.5 and 6, one can find good agreements between these mode shapes of the sandwich panels.
Conclusions
To identify the equivalent elastic parameters for the core material of the sandwich panels, the inverse analysis method was improved. The improved inverse analysis method was applied to the roll core sandwich panels. Furthermore, to verify the identified equivalent elastic parameters of the roll core material, another FEM eigenvalue analysis was carried out for the roll core sandwich panel by using the identified ones. From the results, one can see the good agreements with respect to the natural frequencies and mode shapes of the roll core sandwich panel. Accordingly, it follows that one can accurately estimate the equivalent elastic parameters of the core materials by using the proposed inverse analysis method.
